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BALLISTIC RESEARCH LABORATORIES

REPORT NO. 712

Bentz/ smk
Aberdeen Proving Ground, Md.
14 Deocember 1949

PENETRATION AND DECELERATION OF 25,000-LB. BOMBS

IN MASSIVE CONCRETE TARGETS

ABSTRACT

%is report prejents data from Project Harkem, which included
tests of two new Ameryjcan bombs, the 25,000-1b. T28El (Amazon II)
and the 25,200-1b. T28E2 (Semson), against a massive concrete tar-
gete These tests showdd thet both bombs were capable of with-
standing impact om such\targets with striking velocities up to at
least 1100 ft/sec. Thosp bombs recovered after penetration were
intact and undeformedT

The pemetration equatiyn P = C(d)o’z(W/dz) (v/1000) 4/% was used
to estimate the penetration,‘perforation and scabbing limits for
the above bombs. These estimates were in good agreement with the
test data, thus demomnstrating the ability of the equation to pre-
dict large scale bomb performance.

The average decelerations of the bombs during the early part
of penetration, up to about four calibers, were obtained from film

measurements and were found to be 30,300 ft/ sec2 and 37,000 £t/ secz

., for the T28El and T28E2 bombs respectively. The region of maximun

stress concentration was taken tc be the junction of the side wall
and ogive. The compressive stresses at this point were calculated
to be 29,000 lbs/sq.in. and 43,000 lbs/sqein. for the T28EL and
T28E2 bombs, respectively, based on the above decelerations. These
values were considerably below the ultimate compressive strength
of the bomb bodies, which was estimated from the specifications %o
be 100,000 1bs/sq.in.
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INTRODUCTION®

Projects Ruby and Harken were joint Anglo-American Bomb tests,
undertaeken for the purpose of providing ballistic data and performance
records of heavy conorete piercing bombs, striking reinforced conorete
targetss The tests were begun in 1945 with bombs developed and used
during World War II, and were continued in 1946 with newly designed
bombs, The 1946 trials were known as Project Ruby and were carried out
in Burope by the Air Proving Ground Command, using the Submarine Assembly
Plant at Farge, Germany, as one of the targets. The 22,000-1b, SAP T28
(Amazon) bomb was dropped at Farge and its performance compared with that
of the 22,000~1bes Ge. Pe Grand Slam aend 12,000-1be Ge Ps Tallboy,

The results obtained with the 22,000 1b, Amazon indicated the need
for redesigning the bomb to give greater case strength, without materi-
ally reducing the charge to weight ratio. Although the bomb was capable
of perforating the 14t9" section of the target roof, it broke up either
upon perforati on of the roof, or upon secondary impact within the build-
inge. A weakness of the rear weld which joined the base ring to the bomb
body was a contributing factor to break-up.

Project Harkem included testing of two new bomb designs which, it
was hoped, would eliminate the above difficultiess These were the 25,000
1be SAP T28El (Amazon II) and the 25,200-1b. SAP T28E2 (Samson) bombs.

High speed motion pictures were taken of the bombs as they struck
the targets This film was subsequently sent to the Aberdeen Proving
Ground, where the Measurements Analysis Branch, Computing Laboratory of
the Ballistic Reserach Laboratories made the measurements and reductions
yielding decelerations, and provided the author with the resulting data.
The primary purpose of this report is to present and discuss the results
of the deceleration measurementse.

It was hoped that examination of the deceleration data, in conjunc-
tion with the measured penetrations, both of which are givem in the body
of the report, would indicate whether or not present penetration equations
are capable of predicting the penetration of extremely large bombs into
massive concrete targets. Since these equations had been developed from
relatively small caliber data, it was possible that they would not acourately
acocount for the large change in scale involved. This report attempts to
answer the above question.

DESCRIPTION OF BOMBS
The T28El (Amazon II) bomb is 38 inches in diesmeter, 154 inches long

and has a main wall thiclmess of 4% inches. A cross sectional view is
shomn in Figure I. The charge weight is 4,200 1lbs, total weight 25,000

#General information and terminal ballistic data were obtained from
Part 1, Final Report, Harken Project, by U.S.A.F.
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1bs, corresponding to 1648% explosive.

AR oo S S

The T28E2 (Samson) bomb has approximately the same weight, 25,200
1bs, but it is longer and has a smaller outside diameter. With a 32
inch maximum outside diameter and a main body length of 196 inches, it
is designed for greater pemetration than is the Amazon. The main wall
thickness is 4 1/8 inches with a charge weight of 3900 lbs, giving 15.5%
explosives Details are shown in Figure I,

nEnE
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Both the T28El and T28E2 bombs had the Tallboy type fin assembly
consisting of a tail cone carrying four radial vanes which are set at an
angle of 5° to the axis of the bomb to produce rotation in flighte.

NREO RO REINE S o SENCE g

DESCRIPTION OF TARGET

The target wes the uncompleted Submarine Ass: oly Plant at”Farge,
Germany, near the city of Bremen., The strucbure . :s 1400 feet in length,
T4 to 82 feet in height, with width varying in st ps from 318 feet at one
end to 220 feet at the othere. The length of the widest portion was 586
) feet, and over this length the roof was 14476 ft. thick. Over the nerrow
] section and part of the midsection the roof had been built up to a thicke-
ness of 23 ft. by pouring a layer of concrete over the orriginal 14,76 ft.
of reinforced concrete. The reinforcement was of two types. One was pre-
febricated, prestressed, reinforced concrete arched trusses 14,76 ft. high
end 98.42 ft. longe The other type consisted of rolled steel I-beams, 24
inches in height and 8 inches in width, with a web and flange thickness
of 1 inche.

T

CAMERAS

Two different types of cameras were used to record each bomb strike. 3
The first type consisted of & high speed, l6mm modified Kodek HSC-3000
camera, operating at 2000 frames per second, 2% inch focal length lems,
timing marks 1000 per seconde There were four of these cameras used,

&
%
£
The seoond itype of camera was a 35mm Vinton HS~300, running at 200 g
frames per second. The time base was impressed every 1/50th of a seocond. i
There were also four of these cameras, 3

5

Asgessment of film from the above cameras made it possible to deter=-
mine deceleration and angle of yaw. To make these measurements possible,
the bombs were painted with calibrated markings stripe on the body.

TERMINAL BALLISTIC DATA

Fifteen 25,000 T28El (Amazon II) bombs were dropped from 17,000 f£t.,
producing a striking wvelocity of approximately 1100 f/ 90 Of these fifteen
bombs, two were fair hits on the 14,76 feet thick roof section, two struck
over a wall, and one penetrated a short distence and them broke out the
edge.

Nine 25,200~1bs T28E2 (Samson) bombs were dropped from 17,000 ft.
Iwo good hits were scored on both the 14,76 feet and the 23 feet roof
sections.
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Details of the impacts of the bombs which hit the target are given
below, while a summary of the terminel ballistic data appears in Teble T

T28E1l AMAZON II BOMBS
Altitude of Release 17,000 ft.

Round 152

This bomb perforated the 14,8 f't. roof section, severing the upper
chord of one concrete arched truss and the lower chord of one ahead of ite
It hit the edge of a concrete pit, and then penetrated the reinforced con-
orete flooring of the pit at a shallow angle, turned 90° and ripped out
the reinforcing bars. The body was intact and undeformed. At the point
of secondary impact, the bomb struck and broke a steel guide rail riveted
to & steel channels. At the bottom of the pit a 12" I-beam with 3/4" web
and flanges was flattened and the top flange of a similar I-beem was bent
upward. A number of 3/4" and 12" steel reinforcing bars were cut or dis-
torteds The only sign of damage to the bomb, however, was a slight flat-
tening at one point of the mild steel finesecuring ringe This bomb was
recovered, shipped back to Giebelstadt amd redropped.

The roof corater measured 21'0" in length and 18'6" in width. Several
chords in the vicinity of the severed one had been deformed., The ceiling
beneath the impact was considerably scabbed to the rear of the exit hole.
The angle of pemetration through the roof started at 17° to the vertical
and increased to 25°, There was practically no azimuth deflection.

Round 153

This bomb perforated the 14.8 ft. roof section over the central aisle
of the building where the reinforcing consists of 23.62 inch rolled steel
I-beams, 8" wide with 1" thick web and flanges. It penetrated 9.6' into
the floor of the buildinge One of the damaged I~beam sactions, 19 ft. in

_length, was bent 3 ft. out of line where the bomb struck ite The bomb was

intact and undeformed,

The angle of penetration through the roof increased from 17° to 280,
while the bomb swerved 40° to the left of its trajectory. The roof crater
measured 203" in length and 21%0" in width,

Round 157

This bomb hit on the edge of the 14.8 ft. ledge, glanced off and fell
to the ground, cutting a railroad track running into the building at this
points An oval shaped crater, 40 ft. in length, was formed indicating
that the bomb hit flat. Exemination of three fragments, 45" thick, sup-
ported the belief that the rear portion of the bomb broke as the result
of side impact agasinst the edge of the roof. Excavation was impractical
because of the high water level.

Round 161

This bomb struck near the edge of the roof and made a crater 15'8" by

1116" before bresking out the side wall. The ground crater, 40 ft. long
and 20 ft. wide, was similar to that for Round 157. None of the recovered
body fragments showed any sign of weld failure.

Round 164

This bomb, struck on the 23 ft. roof, 10 ft. from the edge of the
alcove section and 18 ft, from the wall, the last 8 ft. beinpg 14.8 ft.
thicke The bomb broke away the 8,2 ft. layer of unreinforced concrete
between the goint of strike and the north end of the slab, turned 45° to
the right end ricocheted off the roof. In ricocheting, the bomb made a
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groove about 15"/ deep in the surface of the 14,8 ft. slab. The total
penetration was 9'6". The bomb was recovered intact and undeformed in a
field 1325 ft. from the point of strike. It was shipped to Giebelstadt
to be redropped. (Round 190) This time the bomb struck the south wall
end ruptured upon impacte.

Round 183

This bomb made a clean perfor a tion, 3 ft. in diameter, of the 14.8

ft. roof section, leaving a crater 19t6" long and 17'6" wide, Two of the ‘
reinforcing I-beams were severed by the impact. Scabbing on the under-
neath side of the roof was confined to an area about 10' in width and 17!
in length. The bomb then perforated the 6 ft. thick reinforced concrete
floor, shed its fin assembly in the floor crater, and disappeared beyond
probing depth into the sand beneath the flocr. The floor crater was ex-
cavated to a depth of 10 ft. and probed in all directions to a depth of
18 ft. without striking the bombe

The nerfor a tion hole in the floor slsab measurgd 136" by 116", In
passing through the roof, the bomb was deflected 18~ to the left of its
original trajectory, 8ro’bably because of the I-beam reinfogcing. The
striking sngle was 21~ and the bomb turned up only ebout 5 in perforating
the roof.

Round 184

This bomb struck on a 23 fte thick roof section and pemelrated to a
depth of 13*6", including 8.2 ft. of unreinforced concrete, coming to
rest at an angle of 49 to the vertical. The I-beam reinforced ceiling
underneath the impact was not scabbed except for one crack. The bomb was
recovered intact and undeformed. The crater was 19t 6" by 17%6" and exw
tended on one side to a construction joint.

Round 186

This bomb struck the 23 ft. roof section and penetrated into the sec-
ond layer of concrete, with arched truss reinforcing, to a total depth of
19'4", It came to rest at an engle of 43%° to the vertical and was recov-
ered intact, undamaged and undeformed. _

The point of strike was directly aslong & construction joint running
across the roofs The crater, which was 33'6" by 33'0", extended into the
gections to both the right and left of the joints Behind the crater the
construstion joint opened up to a width of 2 f't,

The bomb was not immediately located, but a bulge in the arched truss ‘
ceiling, amounting to as much as 2 ft., and scabbing of adjacent trusses
under the end section, indicated that the bomb had nearly perforated the
23 fte roof, !

Analysis of Data

The problem of ooncrete penetration is a difficult one for several
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reasons, The cost of full scale experimentation is rather prohibitive

and the extrapolation of results of small scale model tests is complicated
by the uncertainty of the scale effect, by the fact that concrete is not a
homogeneous material, and because an adequate theory of conecrete penetra-
tion has not as yet been developed. Considerable work of this nature has
been done by both the United States and Great Britain. Since 1949, work
in this country was carried out first at Princeton University, by the
Comrittee on Passive Protection Against Bombing, of the National Academy
of Sciences, followed by the Committee on Fortification Design, of the
National Research Council., It has been closely integrated with the pro-
gram in terminal ballistics of Division 2, National Defense Research
Comittees

The most recent compendium of concrete penetration dete and formules
is that presented by Dr. R. A. Beth in Chape 7, Vole. 1, "Effects of Impact
and Explosion,™ Division 2 of NDRC (19468)s The relation between velocity
end penetration for an inert nondeforming projectile striking a massive
concrete target at normal incidence, is given by Dr. Beth as follows:

¢(2) = w(a)% % p v+ (1)

wheres 6(2) = 22/4 for 0 S g € 2,00 calibers

>

Z~ 1,00 for 2 2,00 calibers

K = a constant of penetrability of the concrete

N = nose shepe factor for the projectile

d = maximm diameter of the projectile (in.)

D= W/ds = caliber density of the projectile(lb/cu.in.)

V = striking velocity, in thousands of fps.

= penetration in calibers
The expression given above relating G(Z) and Z is an attempt to account
for the entry of the pointed nose of the projoctile and the escape of tar-
get material during crater formation. '
The nose shape factor, N, may be computed from

N = 0,72 + 0.25 Vn = 0,25 where n is the radius in cal-
ibers of a tangent~ogive projectile nose., If the projectile does not have
a bangent~ogive nose the above formuls may still be used by estimating n

from a tangent-ogive curve which most closely approximates the actual nose
shape. ‘

The older concrete penetration formula, also proposed by Dr. Beth,
is as followss
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= o(w/a?) &5 (v/1000)%> (2)
where P = penetration in inches
C = 4.6 for concrete of 5000 1bs/sq.in. compressive stremgth
= 6,0 for concrete of 3400 1bs/sq.in. compressive strength

and the other symbols have the same meaning as in (1)s In the opinion#¥
of the author, the .Equations (1) and (2) will yield essentially the same
results over the velocity range 500 to 3000 fps.

The penetrations predicted by Equations (1) and (2) are based on
normal 1ncldence, while the actual striking angle, in this case, was ap-
proximately 18° from the vertical. Adjustment. for this condition may
be made, however, by using the tabulatec values relating the striking
angle, 8, to the ratio 2 52 glven in the NDRC report. Here Z is the

penetration that would be obtained at normal incidence and Zp is the

normal component of the oblique penetration at angle @, for a common ve-
locitye. The values are based on A.P. projectile data with impact veloc—
ities between 1,000 and 2,000 fps. It must be noted that these values
are very approximate, but at the same time, they are the only estimates
of this type available,. In view of "bhls inaccuracy, i% was felt that,
although @ ranged from 13. 4° +o 20.,6 for the bombs under consideration,
the use of an average value of 18° would suffice. For this angle

zp/z = 0,78,

The perforaticn and scabbing limits may be estimated by the follow-
ing equations, also from the NDRC report.

e/d = 1,23 + 1,07 (zp) (3)
8/d = 2,28 + 1,13 (z,) ' (4)

wheres e/d = the thickmess of a target that will be perforated
in calibers

8/d = the thickness of a target that will be scabbed,
in calibers

ESTIMATED PENETRATION, PERFORATION AND SCABBING LIMITS

Considering the apparent agreement of the two pemetration formulas
with experimentel deta, and the fact that an independent estimate of the
penetrability constant, K, of the Farge concrete was not awvailable, it
was decided that the pemetration, perforation, and scabbing limits should
be computed by Equation (2)s Teble II gives the weight, dismeter, caliber
density, and average striking velocity in 1000 fps, for each bomb.

¥From an enalysis of previous firings with projectiles ranging from
cals 45 to 1556mm, it was found that the two formulas agreed with each
other within 157.
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TABLE II
W, 1lbs. d-in w/a® v
k T28E1 25,000 38 0,456 1,069
T28E2 25, 200 32 04769 1,084
' T28EL
k , P = 4.6(0.456)(5)°*20(1.069) %
F : = 4,75 cal.
= 15,0 ft.
Z) = 475 x 0,78 = 871 cal = 11,75 fh.

e =E¢23 + 1007 (3.7lﬂ 58/12 = 16.5 fbo

g =]2,28 + 1,13 (3.712] 38/12 = 20,5 f£to

T28E2
P = 4.6(0.769)(32)°*2%(1.082) ¥/

= 7.88 cal.

= 2140 fte

Z, = 7.88 x 0.78 = 6,15 cal. = 1604 It

e =E.23 e 1907(6015)J 32/12 = 20,8 ft.
g =|2,28 + 1.15(6‘.15‘-)] 32/12 = 24,6 f%.

The above calculations indicate that both bombs cuuld be expected
to perforate ths 14.76 ft. thick roof, but that neither should perforate
the 23,0 fte section. This agreed with the test data. Since there were

: no T28El hits on the thicker roof, it was not possible to check the
3 . scabbing limit estimate for this bomb. Roundsg 184 and 189 indicated a
‘ scabbing limit for the TRE8B2 of about 23 or 24 £t This agreed with the
calculated value of 24.6 ft. The estimated penetration again could not
be checked by the T28El data. The measured vertical components of pene-
tration for the T28E2 bombs were 13.5 ft. and 19,33 ©ts. for rounds 184
and 189 respectively. The computed value and the average value were both
16,4 %,

It eppears then that there was good overall agreement between the
test data and the computed values, considering the meager amount of data.

DETERMINATION OF CASING STRESSES
Since failure of a bomb casing generally takes place at the junction

of the ogive and side wall, or a short distance to the rear of this point,
the forces acting in this region will determine the stress most likely to
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